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ABSTRACT. 

Let G be a matrix and M(G) be the matroid defined by linear dependence on the set E of 
column vectors of G. Roughly speaking, a parcel is a subset of pairs (/, g) of functions defined 
on E to a suitable Abelian group A satisfying a coboundary condition (that the difference f—g 
is a flow over A of G) and a congruence condition (that an algebraic or combinatorial function 
of / and g, such as the sum of the size of the supports of / and g, satisfies some congruence 
condition). We prove several theorems of the form: a linear combination of sizes of parcels, 
with coefficients roots of unity, equals a multiple of an evaluation of the Tutte polynomial of 
M(G) at a point (u, v), usually with complex coordinates, satisfying (u — l)(v — 1) = |A|. 
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1. Flows in graphs and matrices 

There are several results in graph theory saying in essence that a multiple of the chromatic, 
flow, or Tutte polynomial evaluated at a certain point equals the difference in size of two sets 
or "parcels" of pairs or triples of subsets of the edge set satisfying a coboundary condition and 
different congruence conditions on their size [6] [7J HI [15] . A simple example of such a result 
is the following analog of Theorem 18 in Goodall's paper [8|. (This analog will be proved as 
a special case of Corollary 4.15 in this paper.) 

Theorem 1.1. Let T(V,E) be a graph on the vertex set V and the edge set E with c 
connected components. For k = 0,1,2,3, let C(k) (respectively, £(fc)) be the number of 
pairs (A, B) of edge-subsets such that the subgraph with edge set the symmetric difference 
AAB is a disjoint union of minimal cutsets (respectively, is a disjoint union of cycles) and 
\A\ + \B\ = \E\+k modulo 4. Then 

|£(1)| = |£(3)| and |£(0)| - |£(2)| = 2^1-^^; 2), 

where P(T; A) is the chromatic polynomial of T, and 

|£(1)| = |£(3)| and |£(0)|-|£(2)|=2l £ lp(r;2), 

where F(T; A) is the flow polynomial of T. 



An aim of the graph-theoretic results is to reformulate theorems, like the 4-color theorem, 
in probabilistic terms. The statements of these results involve differences in probabilities and 
their proofs are intricate, involving commutative algebra or finite Fourier analysis. Our aim in 
this paper is different: it is to put these results in context, as initial cases of infinite families of 
results about sizes of parcels constructed using flows of matrices over suitable Abelian groups. 

This paper is the second in a series. The earlier paper |13] is about the "parametric" the- 
ory. Using characters, we studied parcels defined by algebraic conditions using actual values 
of elements in the Abelian group A. With two exceptions, the present paper is about the 
"non-parametric" theory. Parcels are defined using congruence conditions which only use the 
data whether an element in A is zero or nonzero. We will use non-parametric parcels to ob- 
tain combinatorial interpretations of evaluations of rank generating polynomials on complex 
hyperbolas Ax = q, where q is an integer greater than 1. (There seems to be only one interpre- 
tation of the evaluation of the rank generating polynomial at complex points in the literature, 
the interpretation by Jaeger [IT] of the value of the Tutte polynomial at (e 27rt / 3 ,e~ 27rt / 3 ). 
Jaeger's interpretation will be discussed in Section 6.) 

We shall assume some knowledge of graph and matroid theory. See, for example, [T| [i"2"l IT6] . 
We recall briefly concepts and definitions central to this paper. Let G be a matrix with 
columns indexed by the set E and M(G) be the matroid on E defined by linear dependence 
of the column vectors. Let T(V,E) be a graph with a chosen orientation on the edges. The 
orientation gives a function sign(w, e) : if e is not a loop, then sign(u, e) equals +1, — 1, or 0, 
depending on whether the edge e is going into v, going out of v, or not incident at all on v. If 
e is a loop, then sign(w, e) is always 0. We will use two matrices defined by I\ The first is the 
vertex-edge matrix, the \V\ x \E\ matrix H with rows indexed by V and columns indexed by 
E such that the we-entry is sign(w,e). The matroid on E defined by the vertex-edge matrix 



is the cycle matroid of T. The second is the cycle-edge matrix. We think of a cycle c as a 
set of edges eo, ei, . . . , et—i such that there is a sequence vo, v\, . . . , t>t_i of distinct vertices 
with the edge ej incident on Vj and U/+i. The indices are regarded as integers modulo t. The 
cycle-edge matrix G has rows indexed by the set of all cycles, columns indexed by E, and 
ce-entry equal to unless e equals one of the edges ej in the cycle c, in which case it equals 
sign(wj, ej). The matroid on E defined by the cycle-edge matrix is the cocycle matroid of T. 

Two row vectors (u e ) and (v e ) (indexed by the set E) are orthogonal if their inner product 
Ee-eeB u e"e equals zero. Two matrices H and G on the same column set E are orthogonal 
duals of each other if every row of H is orthogonal to every row of G and rank(_ff ) + rank(G) = 
\E\. For example, the cycle-edge matrix G and the vertex-edge matrix H of a graph T are 
orthogonal duals. The matroid M{H) is the matroid M(G) 1 - dual to M(G). 

Let A be an additive Abclian group. A Bow h (over A) on the graph T is a function 
h : E — > A such that at each vertex, the inflow equals the outflow. To state this conservation 
condition precisely, associate with the function h : E — > A the row vector (/i(e)) e eE with 
coordinates in A indexed by E and denote both the function and its row vector by h. Then 
the conservation condition at all the vertices can be stated succinctly by the matrix equation 

Hh T = 0, 

where is the zero column vector, and - T is transpose, so that h T is a column vector. Since 
if is a matrix with entries in { — 1, 0, 1}, the matrix product is defined. 

Flows over fields can be defined over any pairs of orthogonal duals. Let G be a rank-r 
n x \E\ matrix with columns indexed by E with entries in a field F. Then by solving a system 
of linear equations, we can find a matrix H such that G and H are orthogonal duals. We 
define a Row h of G over F to be a function h : E — > F such that Hh T = 0. From linear 
algebra, a row vector h satisfies Hh T — if and only if it is a linear combination of row 
vectors of G. Hence, as a row vector, h is a flow over G if and only if it is in the row space 
of G. Note that in the case when G is a x \E\ matrix (and the matroid M(G) has rank 0), 
there is a unique flow over G, the zero row vector. 

A linear functional is a linear function F" — > F. If e is in the column set of an n x \E\ 
matrix G, then £{e) is the value of £ on the column vector indexed by e. 

Lemma 1.2. Let h be a flow of the matrix G over F. Then there exists a linear functional 
£ such that for all e in E, h(e) = £{e). The linear functional £ is uniquely determined by h if 
n = r. 

Proof. Let g\, g%, . . . , g n be the rows of G and h = a\g\ + 02*72 + • • • + a n g n . Then the linear 
functional £h sending the column vector (x\, X2, • ■ • , x n ) T to a\X\ + 0,2X2 + • • • + a n x n has the 
required property that for all e, £h(e) = h(e). □ 

The description of a flow as a linear combination of row vectors carries over to graphs. A 
flow h on a graph T over an Abelian group A is minimal if there is a nonzero group element 
a and a cycle c of T such that h(e) = if e is not in c and h(ej) = sign(vj,ej)a for the 
edges ej in c. It is easy to prove that ft is a flow over a graph if and only if it is a finite 
sum of minimal flows. Put another way, a flow is a "linear combination" of row vectors of 
the cycle-edge matrix with coefficients in A. One can dualize the notion of flows on graphs 
and define a tension h! on a graph r to be a function h! : E — >• A such that Gh' T = 0, or 



equivalently, the row vector h' a "linear combination" of the rows of the vertex-edge matrix 
with coefficients in A. A uniform treatment of flows and tensions can be obtained by viewing 
them as flows on an orthogonally dual pair of totally unimodular matrices. 

Let / : E — >• A be a function. The kernel of / is the inverse image / _1 (0) in E. 

Lemma 1.3. The kernel of a flow of the matrix G is a closed set in the matroid M(G). 

Proof. For a flow h over a field, /i _1 (0) is the intersection of E with the null space of the 
linear function i^. Hence, /i _1 (0) is closed under linear dependence. For a flow on a graph, 
the kernel is the complement of an edge-disjoint union of cycles and hence, a closed set in the 
cocycle matroid. For a tension on a graph, the kernel is the complement of an edge-disjoint 
union of minimal cutsets and hence, a closed set in the cycle matroid. □ 

The support supp(/) of a function / : E — > A is the complement .E\/i _1 (0); in other words, 

supp(/) = {e : /(e) jt 0}. 

The support of a flow is the complement of a closed set and hence, it is a union of cocircuits. 
The minimal subsets among supports of flows are exactly the cocircuits of the matroid M(G). 
In the case h is a flow over a field F, supp(/i) is contained in the complement of the hyperplanc 
in F™ on which the linear functional £h is zero; in other words, supp(/i) is affine over F. 

The field GF(2) of order 2 has exactly one nonzero element. Hence, a function / : E —¥ 
GF(2) is determined by its support and one can identify / with the subset supp(/) in E. For 
easy reference, we recall the following elementary results (see, for example, Propositions 9.3.1 
and 9.3.2 in [IB]). 

Lemma 1.4. Let G be a binary matrix with column set E and B C E. The following 
are equivalent: the subset B is GF(2)-affine; all circuits contained in B have even size; 
X{M\B; 2) = 1, where M\B is the restriction of M to B. 

Lemma 1.5. Let T(V, E) be a graph and h : E — > GF(2) be a function. Then 

(a) h is a flow if and only if the subgraph on the edge-subset supp(/i) is a (disjoint) union 
of cycles, or equivalently, all the vertices on that subgraph have even degree. 

(b) h is a tension if and only if the subgraph on supp(/i) is a (disjoint) union of minimal 
cutsets. 

The two cases, graphs and matrices, call for a theory encompassing both. A reasonable theory 
that covers all known cases is the theory of totally-P matrices and P-modules, where P is a 
(concrete) partial field [T7]- This theory is described in [T3] and we shall not repeat the 
description here. However, we shall use the technical hypothesis "Let G be a totally P-matrix 
and A be a P-module of order q." The reader unfamiliar with (or unconvinced by) totally-P 
matrices should read the hypothesis as a short way to write "Let G be the vertex-edge matrix 
or the cycle-edge matrix of a graph, or a totally unimodular matrix, and A be an Abelian 
group of order q, or let G be a matrix over GF(p s ), A be the vector space GF(p s ) d , and 
q = p sd ." 



We begin Section 2 by explaining how two identities due to Tutte can be used to obtain 
a third identity relating weights of (to + l)-tuples of functions to a sum over flows. Parcels 
are defined next. In many cases, the third identity specializes to a relation between sizes 
of parcels and an evaluation of the rank generating polynomial. We then apply this theory 
to parcels defined on pairs of functions by Hamming distances (Section 3), sizes of supports 
(Section 4), and inner products (Section 6). Parcels involving triples and (to + l)-tuples of 
functions are discussed in Section 5. Finally, in Section 7, we discuss generic or enumerator 
versions of our results. 

We shall work in the field C of complex numbers with the notation: c = 2.7182 . . . and 



2. The Cheshire-cat identity 

Let M be a rank-r matroid on the set E with rank function rk. The rank generating or 
corank-nullity polynomial of M is the polynomial R(M; A, x) in the variables A and x defined 

by 

B-.BCE 

The rank generating polynomial satisfies the duality condition: if M is the dual of M, then 
R(At ± ; A, a;) = R{M\ x, A). The characteristic polynomial x(M; A) of M is defined to be the 
polynomial 

J2 (-i)^x r - rk{B) . 

B-.BCE 

Up to a sign, the characteristic polynomial is an evaluation of the rank generating polynomial: 
indeed, 

X (M; A) = (-l) r R(M; -A, -1) = (-l) r R(M^; -1, -A). (1) 

The Tutte polynomial T(M; u, v) is defined to be the polynomial R(M; u — l,v — 1). Despite 
the title, we will use the rank generating polynomial instead of the Tutte polynomial. We 
shall need the following identity of Crapo and Tutte [21 [TB] . 



Lemma 2.1. Let M be a rank-r matroid with lattice L(M) of flats. Then 
(x-l) r R(M;^j,x-l\= J2 X(M/U;\) X M. 



When H is the vertex-edge matrix of a graph T with c connected components, then the 
chromatic polynomial P(T; A) equals X c x(M(H); A). When G is the cycle-edge matrix of T, 
then the flow polynomial F(T; A) equals x(M(G); A). The critical problem ([3]; see also [T2] ) 
of Crapo and Rota gives a counting interpretation of the characteristic polynomial extending 
the interpretations for graphs. We state this interpretation in the following general form [T3"] . 



Let G be a totally-P matrix with column set E, A be a P-module of order q, and U Q E. 
Then 

X (M(G)/U;q) = |{ft : ft is a flow over A, /T^O) = U}\, 

where M(G)/U is the contraction of the matroid M(G) by U. In particular, x(M(G);g) is 
the number of nowhere-zero flows over A. Together with Lemma 2.f , this interpretation yields 
another identity of Tutte [18| as generalized in [13] . 

Lemma 2.2. Let G be a rank-r totally-P matrix and A a P-module of order q. Then 
^ xl h "»l = £ X (Af(G)/[/; g)^! 

ft: ft is a flow over A U: UGL(M) 

= (x-l) r R\M(G);-^—,x-l 
\ x — 1 



We can now state and prove the Cheshire-cat identity. This identity generalizes identities 
in[5J[T3]. 

Lemma 2.3. Let G be a totally-P matrix, A be a P-module, and ICA. For each (m+l)-tuple 
(&i, &2> • • • j frm+i) in B m+1 , let 7(61, b 2 , ■ ■ ■ , frm+i) be an indeterminate. Then 

E II 7(/i(e),/ 2 (e),...,/ m+1 (e)) 

(/l,/2,...,/ m+ l) e:eeB 

= e n ( e i(bi,b 2 ,...,b m+l ) 

(h lt h 2 ,...,h m ) e:e£E \{b 1 ,b 2 ,---,b m + i)-b j £M,b ] -b ] + 1 = h ] (e) 

where the sum on the left-hand side ranges over all (m -I- l)-tuples (/1, f 2 , ■ ■ ■ , fm+i) of func- 
tions /j ; : J5 — > B such that /1 — /2, f 2 — fs, . ■ ■ , f m — fm+i are flows, the outer sum on the 
right-hand side ranges over all m-tuple (hi, h 2 , . . . , h m ) of flows over A, and the inner sum on 
the right-hand side ranges over all (m + l)-tuples (61, b 2 , . . . , b m +i) such that for 1 < j < m, 
bj € B and bj — bj+i = hj(e). 

We remark that since the sum of two flows is a flow, the condition that the differences 
fi — f2,f% — fz,---,fm — fm+i are flows is equivalent to the condition that fj — fi are flows 
for all indices j and I. Both conditions are equivalent to the condition that the m-tuple 
(/l - /a, h ~ f3> ■ ■ ■ . fm - fm+i) is a flow over A m . 

Proof of Lemma 2.3. Let (hi, h 2 , . . . , h m ) be a given m-tuple of flows. Expanding the 
product 

]J £ l(bi,b 2 , . . . ,b m +i) 

e:eeE Y(6 1 ,6 2 ,...,b m+ i): 6 3 eB, bj-b i+ \=hj{e) 



on the right-hand side by the distributive law, we obtain a sum of monomials. The monomials 
are products 

n j(bt,b e 2 ,...,b e m+1 ) 

e: eeE 

with one indeterminate j(bf , &§, . . . , 6^ +1 ) for each edge e, and for that indeterminate, K £ B 
and bj — b^ +1 = hj(e). With each monomial, we associate the unique (ra+l)-tuple of functions 
(/l, h, • • • , /m+i) defined by 

By definition, fj : E — ► B and fj — fj+i = hj. Conversely, each (m+l)-tuple (/i, /2, ■ • • , f m +i) 
of functions /., ■ : -E — > B such that fj — fj+i = hj contributes the monomial 

II 7(/i(e),/2(e),...,/ ro+ i(e)). 

e: eeE 

Hence, 

]J 5Z 7(61,62,..., Wi) 

e:e££ ^(61 , 62, •■■, b m+1 ): bj£M,bj -b j+1 =h j (e) 

= E II 7(/i(e),/ 2 (e),...,/ m+ i(e)). 

UiJ2,-Jm+l)-f i -f j +l=h j e:eeE 

Summing over all m-tuples of flows, we obtain the identity in Lemma 2.3. □ 



Lemma 2.3 will be used in the following way. We specialize the indetcrminates by choosing 
a weight function 7 defined from (m + l)-tuples in B m+1 to a commutative ring S. The 
weight function 7 is extended to (to + l)-tuples of functions in the following way: if / = 
(/i,/2,---,/m+i), then 

7(/)= II 7(/i(e),/ 2 (e),...,/ ro+ i(e)). 

e: eeE 

Let 

J 7 = {(/l, /2, • • • , /m+i) : /j : ^ -)• B, /j - / j+ i arc flows} 
and e be a element in the ring S. The parcel V(e) is the subset of T defined by 

V(e) = {/: / € -F, 7 (/) = e}. 
Parcels are disjoint and their union is J 7 . Hence, 

e: eSS f : f eJ r 

The right-hand sum in Eq. (2) is a specialization of the left-hand sum in Lemma 2.3. 
Combining Eq. (2) and Lemma 2.3, we have the following lemma. 



Lemma 2.4. Let G be a totally-P matrix, A be a P-module, B C A, and 7 : B™ +1 -> § be a 
weight function. Then 

£«0I = E II ( E 7 (6 l7 6 2 ,...,6 m+1 ) 

e:eSS (hi,h.2,---,h m ): hj are flows e:e£E \ (&i,62,...,6 m +i): bj £B, fcj — bj + i=hj (e) 

When the weight function is chosen suitably, the left-hand sum in Lemma 2.4 can be written 
as (a multiple of) an evaluation of the rank generating polynomial. Whimsically, we might 
think of this as extracting the grin from the Cheshire cat. In this paper, we usually begin 
with a congruence condition, define parcels with a weight function simulating the congruence 
condition, and then use Lemmas 2.4 and 2.2 to obtain an evaluation of the rank generating 
polynomial. The point of evaluation is derived at the end. 

We can also go in reverse in certain cases, starting from a point given beforehand. We 
illustrate this by an example. Suppose that we wish to obtain an interpretation for the 
characteristic polynomial x{M(G);q) evaluated at an integer q greater than 1 using parcels 
for a totally unimodular rank-r matrix G. By Eq. (1), this is equivalent to evaluating the 
rank generating polynomial at (—q, —1) or (— 1, — q). We start with a matrix H (having rank 
\E\ — r) orthogonally dual to G and choose the Abelian group to be the integers Z 9 modulo 
q under addition. If 7 is a weight function such that 

E l(b,c) = q-l and for a ^0, E 7(&,c) = -l, (3) 

b,c: 6— c— b.c: b—c—a 

then by Lemma 2.2, the right-hand side of the equation in Lemma 2.4 (applied to H) simplifies 
in the following way: 

E ( 9 -l)lft- 1 (°)l(-l)l B H'*- 1 (°)l = (-lf q \ E \- r R{M{H)--l,-q) 

h: his a flow on H 

= {-iy q \ E \- r R((M{H)^-- qi -l) 

= qW- r x(M(G);q). 

Thus, to obtain an interpretation for x(M(G);g), it suffices to construct a suitable weight 
function with a combinatorial or algebraic interpretation. 

Observe that for each a in 2 g , there are q pairs (b, c) such that b — c = a. Thus, when q 
is odd, we can construct a weight function 7 satisfying Eq. (3) in the following way. Begin 
by setting 7(0,0) = 0, and for a^O, j(a,a) = 1. For each a ^ 0, choose an even number 
s 1 < s < q — 3, and s pairs (b, c) such that b — c = a and set 7(6,0) = 0. Next, choose 
(q — s — l)/2 pairs (6', c') such that b' — d = a and set 7(6, c) = 1. Finally, for the remaining 
(q — s + l)/2 pairs (b" , c") such that b" — c" = a, set 7(6", c") = — 1. When q is even, a similar 
construction works, except that we choose an odd number s. 

To obtain an explicit example, suppose that q is odd. If d is an integer modulo q, let 
Rcm(<i, q) be the non-negative remainder when d is divided by q. It is easy to check that if 
a j£ mod q, then there are (q + l)/2 pairs (b, c) such that b— c = a and Rcm(6 + c, q) is even. 
Let 7 : Jj q x 7L q — *■ C be the weight function defined by 7(0, 0) = and for (a, b) 7^ (0, 0), 

, ,, _ J — 1 if Rcm(a + b, q) is even, 
7 ^°' } ~ i 1 if Rem(a + b, q) is odd. 



Then 7 defines three parcels in the set {(/, g) : /, g : E — )■ Z g , / — g is a flow of H}, given by 



V(0) = {(f,g) 

P(l) = {(/,<?) 

V(-l) = {(f,g) 



for some e, (/(e), 5(e)) = (0,0)}, 

for alle, (f(e),g(e)) ^ (0,0) and |{e : Rem(/(e) +g(e),q) is even}| EE0mod2}, 

for all e, (f(e),g(e)) 7^ (0,0) and |{e : Rem(/(e) + c/(e), g) is even}| = lmod2}. 



We can now apply Lemmas 2.4 and 2.2 to obtain the following proposition. 

Proposition 2.5. Let G be a totally unimodular matrix and q be an odd integer greater 
than 1. Then 

\V(l)\-\V(-l)\=qW- r x(M(G);q)- 



3. Parcels defined using Hamming distances 

We shall consider two sets of pairs of functions. Let A be an Abelian group of order q and E 
be a set. Let 

F = {(/, 9) ■ f,9-E^ A, / - g is a flow}, 
F x = {(f,g) ■ f,g ■ E^f A x , f-g is a flow}, 

where A x is the set of nonzero elements in A. Since a pair (/, g) in T defines uniquely a pair 
(/, h), where h = / — g and ft. is a flow, and conversely, \J-\ = q\ E \ +r . For the size of J rx , see 
Corollary 3.4. 

Recall that the Hamming distance between two functions / : E — >• A is the number of 
elements e in E such that /(e) ^ ff(e), or equivalently, the size of supp(/ — g). 

3.1. Parcels in T . 

Let <7 be an integer greater than 1. For k = 0, 1, 2, . . . , <j — 1, let 

(9(fc,cr) = {(/,<?): (/, 9 )£J, |supp(/ - ,g)| = k moda}. 



Theorem 3.1. Let a be an integer greater than 1, u> be a <r-th primitive root of unity, G be 
a rank-r totally-P matrix with column set E, and A be a P-modulc of order q. Then 

qu 1 — uj 



5> fc |0(fc,<7)| = J B l- r (l - uyqWR{M{G); - 

fc=0 ^ 

Proof. Consider the weight function 7 : A x A — >• C defined by 7(0, a) = 1 and 7(0, 6) = u; if 
a =/= b. Then 

X! "K^ c ) = 9, and for a^O, J^ 7(6, c) = wg. 

6,c: 6 — c— b.c: b—c—a 



U) = W I SU PP(/^9)I. 



10 

In addition, if /, g : E — > A arc functions, then 

[] 7(/(e),<?(e)) = n 

e:e£E e: eeE , f(e)=£g(e) 

Hence, by Lemmas 2.4 and 2.2, we have 

cr-l 

5> fe |0(fc,a)| = E II 7(/(e),3(e)) 

k— f.g: f—g is a flow e: e^i? 

E ^»W H ' l " (0)l 

/i: h is a flow 

= lj\ e w ei E ^ H ' i ~ 1(0)l 

/i: fa is a flow 

gCJ 1 — LO 



J E ^- r (l-uj) r q^R(M{Gy,- 



— U) LO 



D 



Theorem 3.1 is the simplest result about parcels. It can almost be derived by direct substitu- 
tion from Lemma 2.1. We shall discuss this further in Section 7. For now, we note the special 
case when a = 2 (and hence, u> = —1). 

Corollary 3.2. |0(O,2)| - |0(1,2)| = (-l^l-'^ljj (m(G); -|, -2 



3.2. Parcels in J" x . 

Let a be a positive integer. For k = 0, 1, 2, . . . , a — 1, let 

(9 x (fc,cr) = {(/,<?) : (/,<?) G ^ x , |supp(/ - 5 )| = fc modcr}. 

Theorem 3.3. Let <r be a positive integer, w bea primitive cr-th root of unity, G be a rank-r 
totally-P matrix with column set E, and A be a P-modulc of order q, where q ^ 2. Then 

Ljq(q-2) (l-w)g + 2w-l 



J2u k \O x (k,a)\=uW- r (q-2)\ E \- r [(l-u)q+2u-lYR(M(G) ] - ...... , ., 

Proof. We use the weight function 7 : A x x A x — )• C defined by 7(0, a) = 1 and 7(0, b) = oj 
if a =/= b. Then 

E l{b,c) = q-l, 

b,c:b-c=Q, 6^0, c^O 

and for b^O, 

]T 7(&,c)= ]T 7(M-a)=«(g-2). 

6,c:fc-c=a, 67^0, 6^a b:b=t0,b=ta 



11 



By the argument in the proof of Theorem 3.1, we can finish with the following calculation: 



5> fe |0><(fc,a)| = Yl (q-l)^ lm H2- q )}\ 



u/ \E\-\h-\G)\ 
k—0 h: h is a flow 



h: h is a flow v vy ; 



D 



The condition that q =/= 2 in Theorem 3.3 is needed because we need to divide by q — 2 in the 
proof. For completeness, we note that when |A| = 2, there is only one function E — *■ A x , and 
hence, |-F X | = 1, |O x (0,cr)| = 1, and for k ^ 0, \O x {k,a)\ = 0. ' 

We note three special cases of Theorem 3.3 as corollaries. The first case is when er = 1 (so 
that there is one parcel, J rx itself). 

Corollary 3.4. If q ^ 2, then 

|^ x \ = {q- 2)1*1-^ (M(G);q(q 2), -1_) . 

The second case is when a = 2 (and w = —1). 

Corollary 3.5. Let G be a rank-r totally-P matrix and A be a P-module of order q, where 
q ^ 2. Then 

\O x (0, 2)| - \O x (1, 2)| = (-l) |Bhr (g - 2)l B l- r (2g - 3) r i? ( M(G)- ^ ~ 2 ' 2<y ~ '' 



2q-3 9-2 
In particular, when G is a rank-r ternary matrix and A = GF(3), then 

\O x (0, 2)| - |O x (1, 2)| = (-l)l £ l- r 3 r i?(M(G); -1, -3) = 3 r X (M(G) ± ; 3). 

A concrete example of the second part of Corollary 3.5 is when A = GF(3) and G is the 
vertex-edge matrix of a graph r(V, E) with c connected components. If we fix a total order 
on V, then a function from E to {1,-1} defines an orientation on the edges and conversely. 
Thus O x (k, 2) is the set of pairs (/, g) of orientations such that / — g is a GF(3)-tcnsion and 
the number of edges where / and g disagree is congruent to k modulo 2. Corollary 3.5 says 
that 

\O x (0, 2)| - \O x (1, 2)| = 3 |y| - c F(r ; 3), 

where F(T; A) is the flow polynomial. This situation can be dualized. Let G be the cycle-edge 
matrix of T, O x (k, 2) be the set of pairs of the orientations such that / — g is a GF(3)-flow, 
and the number of edges where / and g disagree is congruent to k modulo 2. Then 

|O x (0,2)|-|O x (l,2)|=3 |BHy| P(r;3), 

where P(T; A) is the chromatic polynomial. 

The third and last case is when a = 6 and q = 3. 
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Corollary 3.6. Let G be a rank-r ternary matrix and A = GF(3). Then 

5 

J2 e te /3| x ( fc) 6 )| = e l i5 l^/ 3 (-\/3i) r i?(M(G); >/&, -v 7 ^). 



fc=0 



Proof. Setting q — 3 in Theorem 3.3, we obtain 

J2 u k \O x (k, 6)| = wl £ l- r (2 - Lu) r R ( M (G); -^ 



3a; 2 — w 



2 — w w 
fe=o x 

To finish the proof, we set w = e 77 '/ 3 and use the facts 2 — w = v / 3e _7rt//6 and ^3— = i/\/3- □ 



4. Parcels defined using supports 

In this section, we consider parcels in J 7 defined using supports. Let a be an integer greater 
than 1, and a and /? be integers. For A; = 0, 1, 2, . . . , a — 1, let 

M a j(k,<r) = {(f,g) : (f,g) E T, a|supp(/)| + /3|supp(.g)| = k mod cr}. 

4.1. The general case. 

We begin with the generic theorem. 

Theorem 4.1. Let a be an integer greater then 1, a and f3 be integers not congruent to 
modulo cr, a; be a primitive cr-th root of unity, G be a rank-r totally-P matrix with column 
set E, and A be a P-module of order q. If w°|w' , |(g- 2)uj a+l3 7^ 0, then 

<x-l 

^cj fe |X Q!/9 (fc,a)| - (l-Lo a ) r (l-Lu fj ) r [u a +u fj + (q-2)uj a+fj }W- r 

fc=0 

c/[cj q +w' 9 + (c;-2)w q + /3 ] (l-w a )(l-u/) 



x R M(G); 



(I - Lu a )(l - to?) ' w Q + uj' 3 + (q - 2)w«+/ 3 



Proof. We use the weight function 7 : A x A — >• C defined by 7(0, 0) = 1, and for a and & 
nonzero elements (not necessarily distinct) of A, 

7 (a,0)=u/*, 7 (0,a)=c/, 7(0,6) = w a+f> . 



{\A\-\Ar\B\) UJ fi{\B\-\A^B\) UJ { a +0)\AC\B\ = w a|A|+/?|B| 



Let /, 5 : -E — > A be functions, ^4 = supp(/), and B = supp(<?). Then 
II 7(/(<0,$(e))=w Q 

e: e£E 

Next, observe that 

]T 7 (6,c) = i + (g-iV aW , 

b,c:b-c=0 



i.'i 



and for a^O, 

J2 y(b,c) = 7(o,0)+7(0,-o)+ ]T 7(&,6-o) 

6,c: b— c— a b:b^Q,b^a 

= w a +c/ + (q-2)uj a+f3 . 
Then, as in the proof of Theorem 3.1, we can finish with the following calculations: 

cr-l 

$> fc |M Ql/ j(fc,(r)| 



fe=0 



J2 [i + (g - iK + T" (0)l K + w" + (q - 2V«+^]l £ H7*- 1 (0)| 

h: his a flow 

h: his a flow 

and 



h: his a now 



l + (g-l)w a+/3 (l-w Q )(l-a/) 

cj« + ujl 3 + (q - 2)io a+ P ~ cu a + ujP + (q - 2)uj a+ ! 3 ' 



D 



4.2. The special case when a = (3 = 1. 

Let a = P = 1. Then 

■Mi,i(/c,ct) = {(/,#) : (/,#) G J", |supp(/)| + |supp( 5 )| = fc mod cr} 
and we have the following specialization of Theorem 4.1. 

Theorem 4.2. Let cr be an integer greater than 1, w be a primitive cr-th root of unity, G be 
a rank-r totally-P matrix with column set E, and A be a P-modulc of order q. Then except 
when a = 2 and q = 4, 

g/(2w + cj 2 (c/-2)) (1-w) 2 



^ V (i-^) 2 2cj + w 2 (g/-2) 



The exception in Theorem 4.2 is when a — 2 and c/ = 4. When this happens, 2w+a; 2 (c/— 2) = 0. 
Following the proof of Theorem 4.1 with a = = 1 up to the point when we need to divide 

by 2w + 0J 2 (q — 2), we obtain 

|Mi,i(0,2)|-|Mi,i(l,2)|= 5Z 4 |^- 1 (0)| |E|-|fc- 1 (0)| =4 |E|_ 

h: his a flow 

There are several corollaries of Theorem 4.2 giving evaluations of the rank generating 
polynomial at rational or real numbers. 
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Corollary 4.3. Let a = 2 and q ^ 4. Then 

\M lt i(0, 2)| - \Mi,iO-, 2)| = 4 r (q - 4)W~ r R (M(G); fcil, _± 

In particular, when G is a binary matrix and A = GF(2), 

iTWr.iCO, 2)| - LVf M (l, 2)| = 2^ (-1)^ R{M (G); -1, -2) = 2l £ l+' r X (Af (G)^; 2). (4) 



Eq. (4) in Corollary 4.3 is an analog (extended from graphs to binary matroids) of Proposition 
12 in 8.. It may be worthwhile to give a combinatorial proof of Eq. (4). This will give 
an independent verification of the evaluation and tell us what counting information that 
evaluation contains. We need two easy facts in the proof. First, if h = f — g, then 

|supp(/i)| = |supp(/)| + |supp(flO| - 2|supp(/) n supp(5)| = |supp(/)| + |supp(g)| mod 2. 

Second, for each flow h, there are 2^ E \ pairs (f,g) such that / — g — h. These two facts imply 
that |.M i.i(0, 2)| (respectively, |,Mi,i(l, 2)|) equals 2^1 times the number of flows with support 
of even (respectively, odd) size. Since flows with support of even size form a subspace, either 
(a) all flows have support of even size, or (b) half the flows have support of even size, and the 
other half have support of odd size. In case (a), |Mi,i(0,2)| = 2l £ l2 r and |Mi,i(l,2)| = 0. 
Moreover, all cocircuits of the matroid M(G) are even and hence, the dual M^G) 1 - is GF(2)- 
affine. By Lemma 1.4, %(M(G) ,2) = 1 and thus, the two sides of Eq. (4) are equal. In 
case (b), |Mi,i(0,2)| = |A4i,i(l,2)|, and the left-hand side of Eq. (4) is 0. Since supports of 
flows of binary matrices are disjoint union of cocircuits, M(G) has a cocircuit of odd size. 
Therefore, M{G) X is not GF(2)-afhne, x{M(G)^;2) = 0, and both sides of Eq. (4) equals 0. 
This completes the combinatorial proof of Eq. (4). 

When q = 2, Theorem 4.2 gives evaluations of the rank generating polynomial at real 
values. 

Corollary 4.4. Let G be a binary matrix, A = GF(2), 9 = 2pw/a, to = e te , and p be an 
integer relatively prime to a. Then 

V 0J k \M 1A (k,a)\ =(u- l) 2r {2u)\ E \- T R (m{G); ^,cosfl - 1 

fc=0 v 



The cases p = 1 and a — 2,3,4, or 6 give interpretations of the rank generating polynomial 
at points with rational coordinates. The case a — 2 was covered in Eq. (4). The cases a = 3 
(cos 9 = -1/2), a = 4 (cosfl = 0), and a = 6 (cos (9 = 1/2). 



lo 



Corollary 4.5. Let G be a binary matrix and A = GF(2). Then 

V e 2k ^ 3 \M hl (k, 3)| = e 2 ^^ 3 2^- r (-3) r R (m(G); -|, -§ 
^2c k \M 1 , 1 (k,4)\ = (-lY(2c) lBl R(M(Gy,-2,-l) = (2c)^ X (M(Gy,2), 

5 / 1 

J2 e W3 |M M (fc, 6)| = {-l) r e\ E ^ L 'H E \' r R I Af (G); -4, -- 

fc=0 ^ 



This first equation in Corollary 4.5, when er = 3, is an analog of Theorem 15 in [8]. We note 
one more case, when a = q = 3. 

Corollary 4.6. If G is a rank-r ternary matrix and A = GF(3), then 

|Xi,i(0, 3)|+e 2m/3 |7Wi,i(l, 3)|+e- 2m/3 |7Wi,i(2, 3)| = (V3e 5 " t/6 ) |B|+r i?(Af (G); v^e" 5 ^ 6 , V3e 5 ™ /6 ) 

Proof. When q = 3 and w = e 27rt / 3 , 2w + w 2 (<? - 2) = cj - 1. Theorem 4.3 yields 

|X 1 , 1 (0,3)|+e 27rt / 3 |X 1 , 1 (l,3)|+e- 2 ^/ 3 |X 1 , 1 (2,3)| - (-l)W- r (l-w)\ B \-»R (m(G); ^,« - l) 

To finish the proof, use w-1 = v / 3e 57rt / 6 . Note that R(M(G); 3/(w-l),w-l) = T(M(G); uj 2 , w); 
thus, we have an evaluation of the Tutte polynomial at (cli 2 ,oj). □ 

4.3. The special case when a = 1 and /3 = — 1. 

Let a = 1 and /3 = — 1. Then 

Mi ,_i(fc,o-) = {(/,£) : (/,#) e -T 7 , |supp(/)| - |supp(c/)| ee fc moda}. 



Theorem 4.7. Let <r be an integer greater than 1,0 = 2pir/a, where p is relatively prime to 
a, to = e Le , G be a rank-r totally-P matrix with column set E, and A be a P-module of order 
q. With three exceptions, a = 2 and q = 4, cr = 3 and q = 3, or a — 4 and c; = 2, we have 

fe=0 v y 

Proof. Set a = 1 and /3 = — 1 in Theorem 4.1 and observe that u + oj^ 1 = 2 cos 9 and 
looj- 1 = 1. D 
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The three exceptional cases in Theorem 4.7 occur because 2 cos 9 — 2 + q = 0. We note, for 
completeness, that 

|7Wi,_i(0,2)|-|Mi,-i(l,2)|=4l E l, 

|7Wi,_i(0,3)| +e 27r '/ 3 |Mi,_i(l,3)| +e- 27rt / 3 |Mi,_i(2,3)| = 3^1, 

\Mi,-!(p t A)\ +4|Mi I _ 1 (l,4)| - |X 1 ,_ 1 (2,4)| - i\Mi,-i(3 t 4)\ = 2^. 

Theorem 4.7 says that a sum of complex numbers equals a real number. Thus, it gives two 
equations between real numbers. 

Corollary 4.8. 

cr-l 

5^(cos*0)|.Mi t _i(ife,cr)| 

fe=0 

= (2~2cose)^2cos9-2 + q y^R(M(G); qi2 : OS i' 2 + q \J~ 2C °f 
y ' y H ' V 2-2cos6» '2cos6»-2 + g 

and 

cr-l 



5^(sLafc0)|Mi,-i(fc,o-)| =0. 



fc=i 



The second equation is not unexpected. Since \B\— \C\ = —[\C\ — \B\], the twist sending (/,<?) 
to (<?,/) is a bijection from .Mi,_i(fc, a) to A^i,_i(cr — k,a). Hence, we have the following 
strengthening of the second equation in Corollary 4.8. 

Proposition 4.9. \Mi,-i(k,a)\ = \Mi,-i(a - k,a)\. 

As in subsection 4.2, the cases p — 1 and a — 2,3,4, or 6 gives evaluation of the rank 
generating polynomial at rational numbers. The case a — 2 and q ^ 4 was done earlier in 
Eq. (4) in Corollary 4.3. 

When a = 3, cos(9 = cos2tt/3 = -\. By Proposition 4.9, |jWi,_i(l,3)| = |>fi,_i(2,3)|. 
Hence, we have the following special case of Corollary 4.8. 

Corollary 4.10. When q ^ 3, 

I^L-iCO, 3)| - |Mi,-i(l, 3)| = 3 r (q - 3)^~ r R (m(G); ^j^, ^-^j . 
In particular, when G is a binary matrix and A = GF(2), 

\Mx,-i$, 3)1 - |-Mi,-i(l, 3)| = {-l)\ E \- r yR (m(G);~, -z\ ■ 

The second equation in Corollary 4.10 is an analog of Theorem 14 in [5]. Next, we consider 
the case when a = 4, cos# = cos7r/2 = 0. 
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Corollary 4.11. When q ^ 2, 

g(g-2) 2 



q-2 



|-Mi,-i(0,4)| - |Mi,_i(2,4)| = 2 r (q-2)W- r R (m(G); 

Finally, we consider the case when a = 6 and cos (9 = cos7r/3 = ^ 

Corollary 4.12. 

|Mi,_i(0,6)| + |Mi,_i(l,6)| - |Mi,_i(2,6)| - |Mi,_i(3,6)| = (q- l)^- r R (V(G);g(g - 1), ' 



q-l 



4.4. The special case when a = 2r, a = 1, and /3 = r — 1. 

In this subsection, we consider the case when a = 2t, where r is a positive integer, a = 1, 
and /3 = r — 1. In this case, 2t parcels in J 7 are defined. For k = 0, 1, 2, . . . , 2r — 1, let 

Mi, T _i(fc,2T) = {(/,<?) : (/,<?) G J", |supp(/)| + (r - l)|supp(ff)| = fc mod2r}. 



Theorem 4.13. Let r be a positive integer, 9 = pir/r, where p is relatively prime to 2r, 
w = e' e , G be a rank-r totally-P matrix with column set -E, and A be a P- module of order q. 
Then 



J2 u k \M hT -i(k,2 T ) 



fc=0 



(-2 tB inflr(2 t Bin(? + 2- q)W-*R (m(G); -^^ + 2 " 9) ^^ 



2tsin6> 2tsin6» + 2-(7 / 

Proof. Set a = 1 and /3 = r— 1 in Theorem 4.2 and observe that lj+uj t ~ 1 = uj—uj~ 1 = 2isin6' 
and ww T_1 = — 1. D 

A typical example of Theorem 4.13 is when r = 6, w = c'™/ 6 , and sin 6* = 1/2. The 
congruence condition for defining parcels is |supp(/)| + 5|supp(g)| = k mod 12 and we have 

ii / _ 

]T e k ™"\Mi, 6 (k, 12)| = (- t ) r (t + 2 - g)l B l- r ie M (G); fft(t + 2 - g), '_ 

fe=o ^ q 

When G is a rank-r binary matrix and A — GF(2), we obtain evaluations of the character- 
istic polynomials. For binary matroids, we may replace a function by its support. Specifically, 
we have 

Mi, T -i(k, 2t) = {(A, B) : AAB is a union of circuits, \A\ + (r - 1)\B\ = k mod 2r}, 

where A is symmetric difference of sets. Since q — 2 = 0, cancellations occur in Theorem 4.13, 
and we have the following result. 
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Corollary 4.14. Let G be a binary rank-r matrix with column set E and A = GF(2). Then 

2t-1 

^ e W T |Mi, T _i(A;,2T)| = (-lY(2Lsm9)^R(M(G);-2,-l) 

= (2 t sin0)l £ l X (M(G);2). 



Narrowing further to the case r = 2 (so that the congruence condition is |.A| + \B\ = /cmod4), 
we have another result. 

Corollary 4.15. Let G be a binary rank-r matrix with column set E. Then 

|Mi,i(|£?|,4)| - \M 1A (\E\ + 2,4)| = 2^ X (M(G); 2), 

and 

\M 1A (\E\ + 1,4)| = |Xi,i(|^| +3,4)| 

where the integers |-E|, |-E| + 1, |S| + 2, and \E\ + 3 are reduced modulo 4. The first equation 
implies that the binary matroid M(G) is affine if and only if |_Mi,i(|.E|,4)| ^ |_Mi,i(|.E|+2, 4)|. 

Proof. Setting r = 2 in Corollary 4.14, we have 

|Mi,i(0,4)| + t|M M (l,4)| - |M M (2,4)| - i|Mi,i(3,4)| = (2l)^ x (M(G); 2). 

Shifting the first parameter k of the parcels by \E\ and equating real and imaginary parts, we 
obtain the two equations in the corollary. □ 

We end with two remarks. First, Corollary 4.15 can also be obtained as the special case a = 4 
and q = 2 of Theorem 4.2. Second, the case when G is the vertex-edge or cycle-edge matrix 
of a graph of Corollary 4.15, together with Lemma 1.5, yield Theorem 1.1. 

4.5. Parcels defined using a binary set-operation on supports. 

Let o be a binary operation on sets and a be a positive integer. For k = 0, 1, 2, . . . , a — 1, 
let 

M°(k,a) = {(f,g) : {f,g) e J", |supp(/) o supp( 3 )| = k modcr} 

There are sixteen binary operations on subsets of a set E. Familiar examples are union, 
intersection, and symmetric difference. Exotic examples are the Shcffer stroke |, defined by 
A\B = (E\A) n (E\B) = E\(A U B), and implication ->, defined by A ->• B = (E\A) U B. 

Theorem 4.16. Let a be a integer greater than 1, u> be a primitive cr-th root of unity, G be 
a rank-r totally-P matrix with column set E, and A be a P-module of order q. 

ojq 2 1 — w 



(a) J2 " k \M u (k, a)\ = (l- uY{wq)\ E \- T R M{G); - 

fc =o \ 1-uj u;q 
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(b) If 2 + w(g-2) t^O, then 

J2^\M-(k, a)\ = ( W - lY (2 + W (g - 2))I*I-Jl (V(G); feg^ , ^^ 

(c) If 2cj + g - 2 ^ 0, then 

g(2w + g - 2) 2 - 2cj 



5> fe |X A (fc,a)| =(2-2 W ) r (2 W + «-2)l £ l- r i{ M(G), } , ; . ., ., 

fe=o ^ q 



(d) V W fe |Xl(fc,cr)| = ( W - l)'' ? l £ '- r i? (m(G); -^-, — 

(c) If 1 + w(g - 1) ^ 0, then 

X> fe |M-(fc,a)| = ( W - 1)'(1 + «(« - l))'"-* (m(G); g(1 + " ( V 1)} ' i +V n 
f^ V w-1 l + w(g-l) 

Proof. As examples, we prove (c) and (d). To prove (c), we use the weight function defined 
by 7(0, 0) = 7(0, a) = 1, 7(0, 0) = 7(0, a) = to, 7(0, b) = 1. For this choice of 7, 

x — 1 = ^ 1 = 

2w + g - 2 2u> + q-2' 

To prove (d), we use the weight function defined by 7(0,0) = uj, 7(0,0) = 1, 7(0,0) = 
7(0, a) — 7(0, b) — 1. For this choice of 7, x — 1 = [(w + g — l)/g] — 1 = (u) — l)/g- □ 



When cr = 2 and w = — 1, we have the following special cases. 

Corollary 4.17. Let G be a rank-r totally-P matrix with column set E, and A be a P-modulc 
of order q. Then, 



|M U (0,2)MM U (1,2)| = (-1)I £ I(-2)^I-^R(M(G);-|-,-^ 

|Xl(0,2)| -|Xl(l,2)| = {-2) r q\ E \- r R(M{G);-£-iy 
If g ^ 4, then 

|M n (0,2)|-|X n (l,2)| = (_2r(4-g)l s l-^^M(G);-fc^,- I ^) 

|M A (0,2)|-|M A (1,2)| - 4 r (g- 4)^-^^/(6-);^^,-^^. 
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If q ^ 2, then 

|M-(0, 2)| - |M-(1, 2)| = (-2f(2 - g)l E l-^ (V(G); ^^, ^) . 

We note a last special case. 

Corollary 4.18. Let G is a ternary matroid and A = GF(3). Then 

\M~*% 3)|+e 2Tt / 3 |M^(l, 3)|+e 4Tt / 3 |M^(2, 3)| = V3 |B| e (3|i!|+Br),rt/6 .R (m(G); 3e^" /3 , e Tt/3 

5. Multivariate versions 

So far, we have been working with pairs of functions. In this section, we explore parcels of 
m-tuples of functions. Let A be an Abelian group of order q. If (ai, 02, • • • , a m ) is an m-tuplc 
in A m , then there are |A| (to + l)-tuples (61, 62, • • • , b m , & TO +i) such that for j = 1,2,..., to, 
bj — bj + i = cij. We say that these (TO+l)-tuples are associated with (01, 02, ... , a m ). Explicitly, 
the (m + l)-tuples 

(01 + a 2 H h a m _i + a TO + 6, a2 H h a m _i + a m + &,..., a m _i + a TO + 6, a m + b, 6), 

where 6 ranges over A, are associated with (ai, 02, • • • , dm)- 

We begin with parcels of triples of functions defined by sums of supports of functions. Let 
T(k, a) be the parcels 

K/1,/2,/3) : f 3 ■ ■ E-> A, fj-f j+1 axe flows, |supp(/i)| + |supp(/ 2 )| + |supp(/ 3 )| = fc mod a}. 

Theorem 5.1. Let a be a positive integer, w be a primitive er-th root of unity, P be a partial 
field in which 2 ^ 0, G be a rank-r totally-P matrix, and A be a P-module of order q. Then 

cr-l 

5> fc |T(fc,a)| 



fe=0 



j2 (1 + (? - i^ 3 ) 1 ^ 1 ^ 1 n (^ + ^ + (9 - 2v 3 )i^ i ^°)i+i^ i (°^i 



h: h=(h 1 ,h 2 ), &'■ Cf.^0 

h 1 ,h 2 are flows 



x [I (3uj 2 + (q-3)w 3 f~^ a 



6)1 
a,b:a^0, 6#0 



Proof. We use the weight function defined by 7(0,0,0) = 1 and for a,b,c nonzero elements 
(not necessarily distinct) of A, 

7(0, 0, 0) = 7(0, a, 0) = 7(0, 0, a) = w, 7(0, b, 0) = 7(0, 0, b) = 7(0, a, 6) = cj 2 , 7 (a, 6, c) = a; 3 . 
Then, for /1, /2, /3 : £ — > A with supp(/i) = A, supp(/2) = S, and supp(/3) = C, we have 
II (h(e),f 2 (e),h(e)) 

e:egE 



J^J*I W |C| =W W + I*I + I<7| 
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In addition, we have the following types of association between pairs and triples, where a and 
b are nonzero elements of A: 

(0,0) < — > (0,0,0); (a, a, a), a ^0 

(0, a) < — > (a, a, 0), (0,0, —a); (a + c, a + c, c), c 7^ 0, — a 

(a,0) < — >• (a, 0,0), (0, — a, — a); (a + c, c, c), c 7^ 0, — a 

(a, 6) < — > (a + 6,6,0), (a, 0,-6), (0, — a, — a — fe); (a + fe + c, fe + c, c), c 7^ 0, — b, — a — b. 

Under the assumption that 2 7^ 0, a =/= —a, 

X! 7( a , a , a ) = 1 + (? - l)^ 3 , 

a: a£A 

2 7(0, 6, c) - cj + w 2 + (g-2)w 3 , 

(a,b,c): a,6,c£A, a— 6—0, c— 6— a,a^0 

2 l(a,b,c) = uj + uj 2 + (q-2)uj 3 , 

(a,6,c): a,6,c£A, a— 6— a, c— 6— 0,a^0 

^2 l(a,b,c) = 3w 2 + (q - 3)cj 3 . 

a: a,6,c£A, a — b—a. b—c—b.a^0.b^Q 

The theorem now follows from Lemma 2.4. □ 

The right-hand side of the equation in Theorem 5.1 cannot be manipulated so that we can 
use Lemma 2.2. However, over GF(2), the types of association degenerate on the right-hand 
side and Lemma 2.2 can be applied. 

Theorem 5.2. Let a be an integer greater than 2, 9 = 2pir/a, where p is relatively prime to 
a, co = c' e , G be a rank-r binary matrix with column set E, and A = GF(2). Then 

]T oo k \T(k,a)\ = J E \- r (l + uj)W(1 - ujf r R (m(G); _|_, 2(cos0 - 1 

k=0 ^ 

Proof. Over GF(2), we have the simplest association of pairs with triples: 

(0,0) <— ► (0,0,0), (1,1,1) 

(1.0) <— ► (1,0,0), (0,1,1) 
(0,1) <— ► (0,0,1), (1,1,0) 

(1.1) <— > (1,0,1), (0,1,0). 

Using the same weight function 7 as in the proof of Theorem 5.1, we have 

7(0,0,0) + 7 (1, 1,1) = 1 + lo 3 
and 

7(1, 0,0) + 7(0,1,1) = 7 (0, 0,1) +7(1, 1,0) =7(1,0,1) +7(0, 1,0) =uj + lu 2 . 



x-l= — — ^r - 1 = — — 1 = ' =lo~ 1 - 2 + uj = 2cos6>-2, 
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Hence, by Lemma 2.4, 

V ( - 1+w 3^- 1 (0,0)|( a; + w 2^- 1 (l,0)| + |ft- 1 (0,l)l + l^- 1 (l,l)l ] 

h: h—(hi ,/i2), hi, /12 arc flows 

where the sum ranges over pairs (h\,h<i) of flows over GF(2) or equivalently, over (single) 
flows h over GF(2) x GF(2). Using Lemma 2.2 with q = |GF(2) x GF(2)| = 4, together with 
the calculation 

1 + uj 3 1 - oj + uj 2 „ 1 - 2uj + uj 2 

we obtain the equation in Theorem 5.2. □ 

We consider next special cases of Theorem 5.2 for small values of a. Noting that over GF(2), 
T(k, a) is essentially the parcel 

{(B x , B 2 ,B 3 ) : Bi,B 2 ,B 3 C E, B 1 AB 2 ,B 2 AB 3 are unions of circuits, |Bi| + |S 2 | + |B 3 | = fcmodcr}, 

these cases are analogs of Theorems 16, 19, and 20 in [5]. When a = 3, w 3 = 1, (1— uj) 2 (1+uj) = 
3, and ui(l + lu) = — 1. Theorem 5.2 yields the following result. 



Corollary 5.3. Let G be a rank-r binary matrix with column set E and A = GF(2). Then 
|T(0,3)| - i|T(l,3)| - i|T(2,3)| = (-l)W- r rR(M(G);-±-3). 



The next result follows from setting a — 4 (so that u> = l, (1 — w) 2 (l + uj) = 2(1 — t), and 
uj(1 + w) = -(1 - t)) in Theorem 5.2. 



Corollary 5.4. Let G be a rank-r binary matrix with column set E and A = GF(2). Then 
|T(0,4)| + t |T(l,4)| - |T(2,4)| - t|T(3,4)| = (—1)1^1— 2^(1 - ^R(M(G); -2, -2). 



When a = 6, Theorem 5.2 gives an interpretation for the evaluation of the characteristic 
polynomial of a binary matroid at 4. 



Corollary 5.5. Let G be a rank-r binary matrix with column set E and A = GF(2). If |_E| 
is even, 

|T(0, 6)| + |T(1, 6)| - |T(3, 6)| - |T(4, 6)| = (-3)^/ 2 X (M(G); 4) (5) 

and 

|T(1,6)| + |T(2,6)| - |T(4,6)| - |T(5,6)| = 0. (6) 
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If \E\ is odd, 

i[|r(i,6)| + |r(2,6)|-|r(4,6)|-|r(5,6)|] = |r(o,6)| + |r(i,6)|-|r(3,6)|-|r(4,6)| 

= (_3)(l^l-i)/2 x (M(G);4) 

and 

|T(0, 6)| + i|T(l, 6)| - ±|T(2, 6)| - |T(3, 6)| - ±|T(4, 6)| + ±|T(5, 6)| = 0. 

Proof. If uj = e 7 "/ 3 , then (1 — w) 2 (l + w) = —y/%i and w(l + w) = \/3<~ Hence, by Theorem 
5.2, 

5 

^ e k ^ 3 \T(k, 6)| = (-l) r (V30 |£| i?(M(G); -4, -1) = (V3l)^ X (M(G); 4). 

fe=0 

When \E\ is even, the right-hand side is real and we have two equations: 

|T(0,6)| + i|r(l,6)|-i|r(2,6)|-|r(3,6)|-i|r(4,6)| + i|r(5,6)| = (-3)I £ I/ 2 X (M(G);4), 

|T(1,6)| + |T(2,6)|-|T(4,6)|-|T(5,6)| = 0. 

The second equation yields Eq. (6). Adding Eq. (6) to the first equation yields Eq. (5). The 
proof when \E\ is odd is similar. □ 

Corollary 5.5 gives a parcel-size condition involving 6 parcels for the existence of a nowhere- 
zero 4-flow in a binary matroid. This condition is the initial case of a sequence of parcel-size 
conditions involving 1m + 2 parcels for the existence of a nowhere-zero 2 m -flow. 

Theorem 5.6. Let m and r be integers, m > 2, r > 1, to — c Ki / T , G be a rank-r binary 
matrix, and 

m+l 

T m (k, 2r) - {(/i, h, • ■ • , fm+i) ■ fj ■ E -4 GF(2), fj-fj+i arc flows, £ |supp(/,)| = k mod2r}. 
Then (when t = m+l), 

2m+l 

Y^ e fc7rt /( m+1 )|7^(fc,2m + 2)| t^O if and only if x(M(G); 2 m ) ^ 0. 

fe=0 

Proof. Let (ai,a2, • • • ,a m ) be an m-tuple in GF(2) m . Then there are two (m + l)-tuplcs 
associated with it: b and its complement 6+1, where 

b = (oi + a 2 H h a m _x + a m , a 2 + a 3 H h a m _i + o m , . . . , a m _i + a m , a m , 0) (7) 

and 1 is the vector with all coordinates equal to 1. Let wt(6) be the number of l's in b. 
Let uj — € XL I T and choose the weight function 

7 (6)=w wt(g) . 
By Lemma 2.4, 



J2^ k \T m (k,2r)\= J2 (l+w^f (°'l [J (^W+^+i-wtWjir'iS) 

k=0 h: h is a flow over GF(2) m a:a^0 



24 

where for a nonzero m-tuple a in the product on the right-hand side, b is the (m + l)-tuplc 
defined in Eq. (7). 

Now let r = m + 1 and w = e W(™+i). Then 1 + cj" 1+1 = and 

w wt(3) +w m+l-wt(3) = w wt(3) _ w -wt(3) = 2tsm f wt(3)7T 



771+1 

Hence, 

2m+l / / ,„. s s l^ _1 (S)l 

^ e W(m+i)| Tro(A;) 2m + 2)| = ^ Ol* -1 * 3 )! JJ ( 2tsin (^rf ' 

fe=0 h:h is & flow over GF(2) m 3: 3^0 

- p» w e n (^(^T^ li " ,< " ,l 

K:h is a flow over GF(2) m ,/i- 1 (O)=0 3:3^0 



Since 



/wtfaW", 
< sin — i-4- ] < 1 
\ m + 1 



when a ^ 0, the sum is over positive terms, one for each nowhere-zero flow h over GF(2) m . 
Hence, the sum is nonzero if and only if there is a nowhere-zero flow over GF(2) m , that is to 
say, if and only if x(M(G); 2 m ) ^ 0. □ 



6. Parcels defined using inner products 

Let f,g : E — > GF(g). Their inner or dot product (f,g) is defined by 

(f,g)= J2 f( e )9(e). 

e: eeE 

In this section, we consider parcels in T defined by inner products. For G a matrix over 
GF(g) and a an element in GF(g), let 

M'(a,q) ={(f,g) : f-g is a flow, (f,g) = a}. 

We shall restrict our attention to fields of prime order. 

Theorem 6.1. Let p be an odd prime, u> be a primitive jj-th root of unity, and G be a matrix 
over GF(p), where p is an odd prime. Then 



J2 ^im>,p)| = ^i Yl -■ T 



a: a€GF(p) h: h is a flow 

where 

n = i + 51 2w& 

6: b is a square 

and the exponent —j{h, h) is evaluated in GF(p) and interpreted as an integer modulo p. 



2o 



D 



Proof. We use the weight function 7(6, c) = uj bc . Then 

p— 1 p— 1 

b,c:b~c=0 fc=0 b=0 

and for a^O, 

E 7(6, c) = £ ^ b{h - a) = ^-° 2/4 e w 62 - fca+ ( a / 2 ) 2 = w -° 2 / 4 e c (6 - q/2)2 = ^-^n. 

b,c:b-c=a fc=0 6=0 h=0 

Hence, by Lemma 2.4, 

E uj a \M'{a,p)\ =fil £ l E II (a;- a2 / 4 )l^ 1 ( a )l. 

a:a£GF(p) fc fc is a flow a: aSGF(p) 

To finish the proof, we use the fact that 

E a 2 \h- 1 (a)\ = (h,h). 

a:aeGF(p) 

We note that because 1 + u) + oj 2 + ■ ■ ■ + uj p ~ 1 = 0, we can write 

n -!(;)"•• 

where the LeGendre symbol (-) equals 1 if a is a square and —1 if a is not a square. In other 
words, Q is a Gauss sum. In particular, it is known that the absolute value of Q equals ^fp. 
(See, for example, [10], Chap. 8.) 

We can apply Lemma 2.2 to Theorem 6.1 to obtain an evaluation of the rank generating 
polynomial for only one case, that of ternary matroids. 

Corollary 6.2. Let G be a rank-r ternary matrix on the column set E. Then 

^•(O^I+e^^lAra^l+e-^^IArt-M)! = e^ 

Proof. When p = 3, u = e 2,rt / 3 and for a E GF(3), 

-a 2 /4 _ i 1 if a = 0, 



h-'m^-nh-^i^+ih-^-i)] 



~ " lu- 1 if a ^0. 



By Theorem 6.1 and Lemma 2.2, 
\M'(0,3)\+cj\M'(l,3)\+u>- l \M'(-l,3)\ = il^ E 1 

h'.h is a flow 

= U) e \uj-\ e \ E w ' ft " 1(0)l 

h: h is a flow 

= 9} e \uj-\ e \uj-IYr(m{G);^—,uj-\\ 
To finish the proof, use uj = e 27rt / 3 , £7 = 1 + 2w = V^t, and w - 1 = V3e 57rt / 6 . D 



■2i; 



The value R{M{G)\ v^e" 5 ™/ 6 , y/3e 5 ^ 6 ) (which is the value T(M(G); e" 2 ™/ 3 , e 2 ™/ 3 ) of the 
Tutte polynomial) was calculated, up to a root of unity by Jaeger [111 and exactly by Gioan 

and Las Vergnas [5]. It is a root-of- unity multiple of v3 , where d is the bicycle dimension 
of G. (The bicycle dimension is the dimension of the vector space U fl V, where U is the row 
space of G and V is the row space of a matrix H orthogonally dual to G. ) This is shown 
by evaluating the sum J^h w* h ' h ' f° r a ternary matrix G. With the knowledge that \Q\ = ^/p, 
one can easily extend the elegant algebraic argument of Gioan and Las Vergnas to obtain the 
following result: if p is an odd prime, a; is a primitive p-th. root of unity, and G is a rank-r 
GF(p)-matrix, then 



h: h is a flow 

However, when p > 3, our method fails to convert this sum to an evaluation of the rank 
generating polynomial. 

Theorem 6.1 covers the cases of odd primes. For completeness, we describe what happens 
whenp = 2. OverGF(2), (f,g) = |supp(/)nsupp(.g)| mod 2. Hence, \M*(k,2)\ = \M n (k,2)\. 
By Corollary 4.17, if G is a binary matrix, then 

LVC (0, 2)| - LVP (1, 2)1 = (-l) r 2\ E \R(M(G); -2, -1) = 2^ X (M(G); 2). 



7. Parcel-weight enumerators 

To end this paper, we consider parcels defined by "letting a go to infinity" . When a is 
sufficiently large (compared with \E\, r, and q), then the congruence condition becomes an 
absolute condition, in the sense that "is congruent to k modulo a" strengthens to "is equal 
to k" . As a typical example, we consider the parcels in Theorem 4.7. Define A4i l _i(fc, oo) by 

.Mi,_i(fc,cc) = {(f>g) ■ (f,g) € J 7 , |supp(/)| - |supp(»)| = k}. 

Since Lemmas 2.2 and 2.3 are formal, we can replace the root uj of unity by an indeterminate 
X in Theorem 4.7 and its proof. This allows us to express the (parcel-weight) enumerator 
J2k I -Ml, -i(k,oo)\X as a specialization of the rank generating polynomial. In general, the 
weight enumerator is a Laurent polynomial, that is, a polynomial in X and X^ 1 . 



Theorem 7.1. Let X be an indeterminate, G a rank-r totally-P matrix with column set E, 
and A a P-module of order q. Then 



Y, ixi.-i(fc,^)ix A 



k: k is an integer 



(X - 2 + X-r(X -2 + X-1 + q)^R (a/(G); ^"-^-i"^ ' X-2 + X-i 



Corollary 7.2. The sizes \M.\ t ~x(k, oo)|, and hence, the sizes \M.i t —i(k,a)\, depend only on 
the matroid M(G). 
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Most of the theorems in this paper have enumerator versions. The enumerator version 
of Theorem 3.1 extends a theorem of Greene (Corollary 4.5, j9]; see [4] for background and 
related results). To see this, let 

r H{k,cf) = {h : h is a flow, |supp(/i)| = k mode}. 

The sets T-L{k, a) are not parcels, but \0(k, a)\ = q\ E \ [H(k, a)\ (see Section 3). Hence, we have 
the following theorem. 

Theorem 7.3. Let a be an integer greater than 1, oj be a primitive cr-root of unity, X be an 
indeterminate, G be a rank-r totally-P matrix with column set E, and A be a P-module of 
order q. Then 

fc=0 v 

qX 1- X 



"£ \H(k,oc)\X k = XW-r(l-XyRiM(G);-_ x . 

k:k>0 ^ 



When G is a matrix over GF(g) and A = GF(<7), the homogeneous bivariate polynomial 
Ylk-k>o l^(^) c«)|X fc yl' E l _fe is the weight enumerator of the linear code generated by the 
matrix G as defined, say, in [14]. Thus, in this case, the second part of Theorem 7.3 is 
Greene's theorem. 
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